Abstract
Introduction
Alfalfa (Medicago sativa L.) is a major component of feed for livestock and is one of the most productive forage species in North America. Interseeding alfalfa in grassland can be an effective approach for increasing forage and livestock production in semiarid regions [1] [2] [3] [4] . Alfalfa is indigenous to regions of Asia characterized by a continental climate [5] . Alfalfa has been planted on millions of hectares over the past 100 years in North America since its successful introduction in the 1860s. However, incidents of alfalfa becoming naturalized in North American rangelands are rare [6] .
Yellow-flowered alfalfa (Medicago sativa L. ssp. falcata [L.] Arcang.) (hereafter YFA) occurs naturally at latitudes up to 64˚N in Siberia, and is adapted to the climatic conditions of the northern Great Plains of the USA [7] . It is more winter-hardy, drought tolerant, and grazing tolerant than other alfalfas because of proliferation of adventitious shoots from roots, deep-set crown and fibrous root system [7] - [12] . Slow regrowth following defoliation improves grazing tolerance [9] [13].
Smith [2] described substantial benefits of YFA (which he referred to as "falcata") to livestock production on his ranch in northwestern South Dakota. Mechanical interseeding and subsequent natural reseeding of "falcata" on his ranch over several decades resulted in dramatic increases in forage production and quality [2] , with coincident improved soil carbon and nitrogen without elevation of nitrous oxide emissions [3] [14] [15].
Richardson, et al. [16] reported that naturalization often refers to "alien plants that reproduce consistently and sustain populations over many life cycles without direct intervention by humans (or in spite of human intervention); they often recruit offspring freely, usually close to adult plants, and do not necessarily invade natural, seminatural or human-made ecosystems." However, spread of naturalized YFA from private land (i.e., the Smith Ranch) to adjacent USDA Forest Service managed land in mixed-grass prairie on the Grand River National Grassland (GRNG) presents a potential dilemma. Alfalfa is generally not considered to be invasive and incidence of natural propagation on rangelands is infrequent. Occurrence of a population able to reproduce naturally in native rangeland demonstrates genetic potential for rehabilitating severely depleted rangeland ecosystems. Conversely, characteristics that make it suitable for rangeland improvement might be expected to increase its invasive potential [17] . For example, crested wheatgrass (Agropyron cristatum [L.] Gaertn.) has historically been controversial because of similar characteristics [18] . American Journal of Plant Sciences While there is evidence to demonstrate the forage value of YFA [2] [3] [4] [12] [19] , its impact on native plant communities and potential threat to native biological diversity are unknown. In addition, it is unclear how naturalized YFA populations spread in native plant communities. These critical deficiencies reduce our ability to properly utilize and manage YFA in semiarid rangelands. The goal of this study was to evaluate biomass production and distribution patterns of naturalized YFA. Our objectives were to determine: 1) spatial distribution patterns of naturalized YFA along environmental gradients, 2) association between naturalized YFA and species diversity and biomass production along those gradients, and 3) spatial distribution, density, and viability of the soil seed bank of naturalized YFA.
Materials and Methods

Study Site
This study was conducted in Pasture 4B on the GRNG (US Forest Service Dakota Prairie Grasslands) in northwestern South Dakota, USA (lat. 45˚49'21''N, long.
102˚33'04''W). The GRNG comprises 62,753 hectares of public land with parcels of private land interspersed throughout. The topography is characterized by rolling hills, river breaks, and scattered buttes and badlands [20] . Climate is semiarid with high temporal variation in precipitation and high frequency of drought. Mean annual precipitation is 405 mm and mean annual temperature is 6.11˚C. Extreme daily high and low temperature records [Pursh] J. Grimes) and purple prairie clover (Dalea purpurea Vent.) [24] . Most of the GRNG is permitted for grazing cattle (Bos taurus L.) through the Grand River Cooperative Grazing Association [25] .
In June 2003, reconnaissance of Pasture 4B identified two sites where YFA appeared to be naturalized based on variation in plant size and age. These sites, designated north (N) and south (S), were selected because they were representative of the distribution of YFA across environmental gradients in Pasture 4B on the GRNG. Two permanent transects were established for the purpose of vegetation sampling on each site. On the N site, each transect traversed a gradient from the top of a side-shoulder [23] through a swale to the top of the opposite side-shoulder. On the S site, each transect began on the top of a side-shoulder and terminated on a toeslope at the shoreline of a small perennial stream. Transect lengths ranged from 108 -130 m; change in elevation from highest to lowest points was 2 m on the N transects and 7 m on the S transects. Three distinct plant communities were recognized along each transect. For the N site, the plant communities were threadleaf sedge (Sedge), alfalfa-crested wheatgrass (Alfalfa-Crested), and alfalfa (Alfalfa). For the S site, the plant communities were threadleaf sedge-green needlegrass (Sedge-needlegrass), crested wheatgrass-alfalfa (Crested-Alfalfa), and alfalfa (Alfalfa). 
Vegetation Sampling
Soil Sampling
Three soil cores (2 cm dia.) were collected from each biomass plot and separated into 0 -15 cm and 15 -30 cm depths in both 2003 and 2004 (same dates as for biomass above). Soil texture was determined by South Dakota State University Soil Testing Laboratory, using standard laboratory procedures [27] .
Seed Bank Density, Germination, and Viability
Three soil samples were extracted from each biomass quadrat using a bulb planter (5 cm dia. × 7.5 cm depth) in June 2004, November 2005, and June 2006. Alfalfa seeds were extracted from soil using a series of sieves, counted, and verified. Seed germination and viability were determined by the SDSU Seed Technology Testing Laboratory using AOSA protocol for alfalfa [28] . Four 100-seed replicates were tested per site per year.
Statistical Analyses
Based on YFA cover estimates and modified Daubenmire's cover class method [29] , individual quadrats (n = 148) for both N and S sites were arbitrarily categorized into one of three classes (Class I = 0% alfalfa, n = 72; Class II = 0.1 to 50% alfalfa, n = 42; and Class III > 50% alfalfa, n = 34). Species richness [30] for total species, graminoids, forbs, native species, introduced species, perennial species, and annual species were determined for each cover quadrat.
Shannon-Wiener indices for species diversity were calculated for comparison American Journal of Plant Sciences among the three alfalfa cover classes [31] :
where P i represented the proportion of total cover contributed by each species.
Species evenness was also calculated:
where S represents species richness. The proportional cover of each species was determined for each alfalfa cover class and used to create rank abundance curves [31] for illustrating species diversity impact by alfalfa cover.
All statistical analyses were conducted using procedures in SAS [32] . A subset of species was selected using a stepwise procedure (PROC STEPDISC) as input for Canonical Discriminant Analysis (CDA) (PROC CANDISC). CDA was used to evaluate the association of the spatial distribution of YFA and other species with topographic position (i.e., shoulder, backslope, swale/toeslope) [23] .
One-way Analysis of Variance using PROC ANOVA determined the contribution of cover class to variation of species richness and biomass. Levene's test was used for testing homogeneity of variance. Linear regression was performed to determine the relationship between YFA cover and alfalfa seedbank density.
Results
Distinct plant assemblages were associated with topographic positions ( Figure  1 ). The first canonical variate accounted for 79.7% of the variation of species cover and separated the shoulder from swale (N site) and toeslope (S site) communities. The primary determinants of canonical variate 1 were threadleaf sedge and YFA cover. Vegetation on the shoulders was dominated by threadleaf sedge and sub-dominated by prairie sandreed (Calamovilfa longifolia [Hook] . Scribn.).
Threadleaf sedge occurred only on the shoulder, where soils were predominantly sandy loam. YFA occurred only rarely on the shoulder and upper backslope. Vegetation on the toeslope area (S site), where soils were mostly silty loam, was dominated by YFA and western wheatgrass. Canonical variate 2 accounted for an additional 20.3% of the variation and distinguished the backslope community. The plant community on the backslope shared species with shoulder and swale/toeslope communities but was distinguished by needlegrass cover.
A total of 76 species were found in the study, including 18 graminoids, 55 forbs, 1 shrub and 3 succulents ( (Figure 2 ). However, species richness was approximately 50% less when YFA cover was greater than 50% (i.e., Class III) ( Figure 2) . Graminoid, forb, perennial, and annual species richness values exhibited similar patterns. Notably, native species richness declined as YFA cover increased. Species diversity and evenness significantly decreased as YFA cover increased ( Figure 3 ). Change in relative abundance of plant species under different alfalfa cover classes in the Grand River National Grassland near Lodgepole, SD, illustrating plant species diversity was significantly reduced in high alfalfa cover (>50%) with short length (lower species richness) and steep slope (less evenness). Plots that had high YFA cover (i.e., Class III) were generally located in swales (N site) and toeslope (S site) areas. Total biomass increased as YFA cover increased (P < 0.05) (Figure 4(a) ). Total biomass of YFA in cover Class III was 2.6 times greater than Class I. In contrast, the non-YFA biomass contribution to total biomass declined from 100% to 85% to 30% with increasing YFA cover class (P < 0.05) (Figure 4(b) ).
Significant difference for soil texture occurred among the three vegetation classes. Soil that supported class I (alfalfa absent) had higher sand content (54% and 56%) than class II and III (34% -39%). Conversely, soils that supported class II and III alfalfa cover had higher clay content (25% -31%) than class I (19% -21%). Soil texture within each cover class was essentially the same be- (Table 2) . However, less than 4% germinated under standard laboratory conditions, indicating an extremely high level of hard seed in this YFA population.
Discussion
YFA can be established in crested wheatgrass and native grassland using interseeding [2] [4] or transplant methods [12] . However, the current study demonstrated, as pointed out by Smith [2] , that YFA can also establish, survive, and spread naturally in native mixed-grass prairie, in this study under USDA-Forest Service grazing schedules. Naturalized YFA, by being restricted to swale and toeslope regions, was strongly associated with increased total biomass production; however, high cover of YFA was also associated with reduced species richness and lower biomass production from native species. Generally, these areas have more favorable water and nutrient conditions relative to the sandy loam soils of the drier backslopes and shoulders, and thus are more suitable for the establishment and growth of alfalfa [33] . Although the difference in total biomass production within classes between years ranged from 24% to 45%, the relative contribution of YFA and non-YFA components to biomass between years, irrespective of the class type of the vegetation, were consistent (Figure 4 It was evident that the benefit of the YFA component to increased biomass was stable across both years.
Hansen [34] pointed out that alfalfa on the Grand River National Grassland was most abundant in areas that had most likely been privately farmed up to the mid-1930s, but were then reseeded to predominately crested wheatgrass by the Soil Conservation Service under the Bankhead-Jones Farm Tenet Act.
Thereafter, during the 1950s the federally reclaimed land was turned over to the USDA-Forest Service for permanent management. Therefore, it is our assertion that present YFA dominated plant communities on GRNG are a ramification of previous land utilization that replaced the native vegetation with annual cropping systems for several decades prior to reseeding introduced species in re-American Journal of Plant Sciences sponse to economic hardships and ecological catastrophes, such as drought and erosion.
Over the past 15 years, similar to what was reported by Samuel, et al. [35] for containing floral meristems from the initial growth cycle in the spring. In 2005, the pasture was grazed heavily during flowering, which also precluded on-site seed production. In 2006, sampling was before mature seeds were produced. However, this does not rule out grazing livestock having brought ingested seeds to the study site from adjacent privately owned pastures during that three-year period.
Seed bank of YFA was not uniformly distributed across the landscape. Seeds were concentrated in areas of high YFA cover in swales (N site) and toeslope (S site) areas and were infrequent in plant communities lacking YFA, such as the threadleaf sedge community on shoulders. We observed seeds and young seedlings in cattle feces on shoulders and backslopes; however, we rarely observed seedling establishment in those areas. Thus, recruitment of YFA in areas of low YFA cover is possible but unlikely. The swales and toeslope areas dominated by YFA contained a large reservoir of viable YFA seeds. We observed alfalfa seedlings that ranged from cotyledon stage to 5-trifoliate leaf stage under the canopy in about 40% of the total quadrats comprising Class II and III areas during vegetation sampling in 2003; whereas, no seedlings were found in Class I quadrats. The highest seedling density was 120 seedlings m −2 . Most were etiolated due to shading by the established plants. In contrast, no seedlings were found in any of the quadrats in 2004, presumably because of drought, but also insect feeding. This population has, through periodic seed production and an inherent high level of hard seed, the capacity for population maintenance and potential expansion on favorable landscape positions.
Seed of YFA introduced to the northern Great Plains by N.E. Hansen was first planted near the present day GRNG by Charles Smith in 1915. In the early 1970s, Norman Smith, grandnephew of Charles Smith, noticed several small patches of YFA that had spread from the original 1915 planting on his ranch. Smith began planting seed from those patches in the early 1980s in tilled cropland and native rangeland. By 2000 [3] , Smith had about 200 hectares of alfalfa that traced back to Hansen's 1915 introduction through mostly natural recruitment from plants established by interseeding [2] . had established uniform stands between rows by 2001. However, plantings made in 1998 showed no between-row spreading. Based on floristic observations on record in the GRNG District Ranger Headquarters in Lemmon, SD, we surmise the naturalization of YFA in Pasture 4B has occurred over the past 35 or so years. We conducted a reconnaissance of Pasture 4B in July 2018 and saw no visually perceptible difference from 2004, in terms of alfalfa stand density at the various topographic positions across the heterogeneous landscape.
